Backgrounds: Melanoma differentiation-associated gene 5 (MDA5)-mediated signaling contributes to antiviral innate immunity. Results: Overexpression of ADP-ribosylation factor-like protein 5B (Arl5B) repressed the MDA5-induced activation of the interferon ␤ promoter. Arl5B-deficient cells showed up-regulation of MDA5-mediated responses. Conclusion: Arl5B is a negative regulator of MDA5 signaling. Significance: Arl5B is an important suppressor for antiviral innate immune response.
The retinoic acid-inducible gene-I (RIG-I) 2 -like receptors (RLRs), melanoma differentiation-associated gene 5 (MDA5), and LGP2 play central roles in triggering innate immune responses against RNA virus infection by recognizing viral RNA in the cytoplasm (1, 2) . RIG-I and MDA5 possess an N-terminal region composed of tandem caspase recruitment domains (CARDs) that mediate downstream signaling, a central DEXD/H-box helicase/ATPase domain, and a C-terminal domain (CTD) that is responsible for RNA recognition.
LGP2 lacks the N-terminal CARDs and acts as a regulator of RIG-I and MDA5 signaling. RIG-I and MDA5 differentially recognize viral RNA. RIG-I preferentially recognizes short double-stranded (ds) RNA containing 5Ј-triphosphates. RIG-I is required for antiviral responses against Newcastle disease virus (NDV), vesicular stomatitis virus, influenza A viruses, measles virus, and Ebola virus. In contrast, MDA5 recognizes long dsRNA and the synthetic dsRNA analog polyinosinic:polycytidylic acid (poly(I:C)) and is activated by encephalomyocarditis virus (EMCV) (2) .
In response to virus infection, RIG-I and MDA5 initiate signaling cascades that lead to activation of the transcription factor interferon regulatory factor 3 (IRF3) and nuclear factor B (NFB), which control transcription of target genes encoding type I interferon (IFN) and inflammatory cytokines. In the absence of viral RNA, RIG-I masks its CARDs by the CTD, but RNA recognition induces conformational changes of RIG-I that enable the CARDs to interact with a mitochondria-localized CARD-containing adaptor IPS-1 (also known as MAVS/ Cardif/VISA) (2) (3) (4) . RIG-I activation involves protein modifications such as ubiquitination, and TRIM25, RNF135 (Riplet or REUL), and MEX3C are E3 ubiquitin ligases that enhance RIG-I signaling by K63 polyubiquitination (5) (6) (7) (8) . In contrast, MDA5 forms filaments along with dsRNA that are required for association with IPS-1 (9 -11) . The interaction between RIG-I/ MDA5 and IPS-1 induces prion-like aggregates of IPS-1 on the mitochondrial membrane to propagate antiviral signaling pathways (12) . IPS-1 then interacts with TRAF3, resulting in the activation of a kinase complex involving TBK1 and IKKi, which mediate phosphorylation of IRF3. Simultaneously, IPS-1 interacts with TRAF6 and activates the IKK complex consisting of IKK␣, IKK␤, and NEMO, which phosphorylates IBs. Phosphorylated IBs are degraded, enabling the transcription factor NFB to translocate into the nucleus for subsequent induction of genes encoding inflammatory cytokines (4, 13, 14) .
Although MDA5 and RIG-I play essential roles in eliciting antiviral immune responses, their aberrant activation results in the development of autoimmune and inflammatory diseases if they engage with host endogenous RNA or if their signaling pathways become constitutively active. Single nucleotide polymorphisms of RIG-I and MDA5 are reported to correlate with systemic lupus erythematosus and multiple sclerosis (MS) (15, 16) . It has been shown recently that RNA degradation products generated during the unfolded protein response are a source of endogenous RLR agonists, and this response was inhibited by the cytosolic exosomes, which are produced by SKIV2L RNA helicases (17) . A recent study showed that a gain-of-function mutant of MDA5 developed lupus-like nephritis in a murine model (18) . Furthermore, numerous molecules that inhibit MDA5 and RIG-I signaling have been identified. A20, NLRX1, gC1qR, Arl16, and DAK bind to RLRs or IPS-1 to inhibit antiviral responses (19 -23) . RNF125 inhibits RIG-I signaling by K48 polyubiquitination and proteasome-mediated degradation of RIG-I (24) . CYLD and USP4 are deubiquitinases that remove K63-or K48-linked polyubiquitin chains, respectively, from RIG-I to inhibit RIG-I signaling (25, 26) . Collectively, there are multiple mechanisms that negatively regulate RLR-mediated antiviral responses.
Members of the ADP-ribosylation factor-like protein (Arl) family are low molecular weight guanine-nucleotide-binding proteins that control membrane trafficking and organelle structure (27) . Their functions are regulated through a cycle of GTP binding (active form) and GTP hydrolysis (inactive from) involving guanine nucleotide exchange factor and GTPase activating protein. There are Ͼ20 Arl genes in mouse and human, and several of them participate in the regulation of immune responses. For instance, Arl16 negatively regulates RIG-I-mediated signaling by interacting with the C-terminal repressor domain of RIG-I (21) . Arl8B is required for the polarization of lytic granules toward the immune synapse in natural killer cells and their cytotoxicity (28) .
Here, we identified Arl5B as a negative regulator of MDA5 signaling. Arl5B has been shown to be an IFN␤-inducible gene and to be highly expressed in the peripheral blood cells of MS patients (29) . Our study shows that Arl5B negatively regulates MDA5-mediated signaling by interfering with MDA5-dsRNA binding and illustrates the importance of Arl5B in regulating antiviral innate immunity.
EXPERIMENTAL PROCEDURES
Reagents, Cells, and Viruses-LPS, short poly(I:C), poly(I:C), and puromycin were purchased from InvivoGen. G418 was purchased from Nacalai Tesque. All cells were cultured in Dulbecco's modified Eagle's medium (Nacalai Tesque) supplemented with 10% fetal bovine serum (Invitrogen) and 0.05 mM 2-mercaptoethanol (Nacalai Tesque) at 37°C in a humidified 5% CO 2 , 95% air atmosphere. Mouse embryonic fibroblasts (MEFs) were obtained from pregnant mice at embryonic day 9.5 according to a previous paper (30) . EMCVs and NDVs were prepared as described previously (30) .
Plasmid Construction-Expression plasmids for the Arl family members were constructed by PCR using cDNA from murine macrophages, brain, liver, and embryonic fibroblasts as a template. The resulting PCR products were inserted into pcDNA3 that contained an Myc-tag sequence. Expression plasmids for Arl5B D1, D2, D3, and D4 were prepared by PCR mutagenesis using pcDNA3-Arl5B-Myc as a template. IFN␤ and NFB promoter luciferase reporters and expression plasmids for MDA5, IPS-1, TRIF, IRF3, TBK-1, and RIG-I were described previously (30) .
Generation of Arl5B Heterogenic Mice-The Arl5B gene was isolated from genomic DNA extracted from ES cells (GSI-I) by PCR. The targeting plasmid was constructed by replacing a 2-kb fragment encoding the Arl5B open reading frame (exons 2 and 3) with a neomycin-resistance gene cassette (Neo r ), and a herpes simplex virus thymidine kinase (TK) driven by the phosphoglycerate kinase (PGK) promoter was inserted into the genomic fragment for negative selection. After the targeting plasmid was transfected into ES cells, G418 and ganciclovir double-resistant colonies were selected and screened by PCR and further confirmed by Southern blot analysis. Homologous recombinants were microinjected into C57BL/6 female mice, and heterozygous F1 progenies were backcrossed with C57BL/6 Ͼ5 generations. All animal experiments were performed with the approval of the Animal Research Committee of the Research Institute for Microbial Diseases, Osaka University, and the Nara Institute of Science and Technology.
Southern Blotting-The genomic DNA was extracted from Arl5B heterogenic ES cells and digested with BamHI. The digested DNA was loaded to agarose gel electrophoresis and transferred to a nylon membrane. The membrane was hybridized with denatured labeled probe, washed, and visualized with autoradiography. The probe DNA of Arl5B genomic locus was amplified from the genomic DNA of ES cells by PCR using a pair of following primers: 5Ј-acagggtaaatggcccttagtagctggc-3Ј and 5Ј-ctttcttcacagcatagggaactctggc-3Ј.
Genotyping for Arl5B-deficient MEFs-Genotyping was carried by PCR using the extracted DNA from MEFs and the following primer sets: Arl5B_common (5Ј-gcaagaaaagagttctctctccgtgaagc-3Ј) and Arl5B_wild (5Ј-gtctggctctgttaaacaacgccaaagc-3Ј) or PGK-RC2 (5Ј-ctaaagcgcatgctccagactgccttg-3Ј). Arl5B_common and Arl5B_wild primers were used to detect wild type allele, and Arl5B_common and PGK-RC2 primers were used to detect mutated allele.
Luciferase Assay-HEK293 cells were cultured in 24-well plates semi-confluently and transfected with 100 ng of pFLAG6c-hMDA5, 500 ng of pcDNA3-Arl5B-Myc, 10 ng of pRL-TK (Promega), and 30 ng of pGL3-IFN␤ promoter or pNFB-Luc by using Lipofectamine 2000 (Invitrogen). After 48 h from the transfection, the cells were lysed and subjected to a luciferase assay using a dual-luciferase reporter assay system (Promega) according to the manufacturer's instructions.
Knockdown-For the construction of shRNA-expressing retroviral vectors, the oligo DNA was inserted into the BglII and
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HindIII sites of pSUPER.retro.puro (OligoEngine). The oligo DNA sequence was indicated as below; Scramble shRNA, 5Ј-cctaaggctatgaagagatacttcaagagagtatctcttcatagccttattttt-3Ј; Arl5B shRNA#1, 5Ј-ccggctgatcttcgctaaactgtggttcaagagaccacagtttagcgaagatcagccttttt-3Ј; Arl5B shRNA#2, 5Ј-ccaccataggaagcaatgttgaagattcaagagatcttcaacattgcttcctatggtttttt-3Ј; Arl5B shRNA#3, 5Ј-cccagcattcaagtagatgttgtgcttcaagagagcacaacatctacttgaatgctgttttt-3Ј. The retroviral vectors were transfected into Plat-E cells by using Lipofectamine 2000. The virus was filtered with a 0.22-m filter at 48 h post-transfection and infected into MEFs. Forty-eight hours after the infection MEFs were treated with 2 g/ml puromycin for 48 h, and then knockdown efficiency was measured by RT-qPCR. Plat-E cells were kind gifts from T. Kitamura (The University of Tokyo, Tokyo, Japan).
Retroviral Expression of Arl5B in MEFs-Arl5B cDNA was inserted into BglII and EcoRI sites of pMSCVpuro (Clontech), and then the virus preparation and MEFs selection were performed as described above under "Knockdown."
qPCR-MEFs (1 ϫ 10 5 cells) were seeded in each well of 6-well plates and cultured overnight. The cells were stimulated with LPS, short poly(I:C), or poly(I:C) for the indicated conditions, and then total RNA were isolated by using TRIzol (Invitrogen) according to the manufacturer's instructions. Stimulation with poly(I:C) and short poly(I:C) was carried out by transfection using Lipofectamine 2000. cDNA was synthesized from the isolated RNA by using ReverTra Ace (TOYOBO) with random hexamer primers according to the manufacturer's instructions. Semiquantitative analysis of mRNA levels was performed with a LightCycler 96 system (Roche Applied Science). Primer sets for qPCR analysis were described in Table 1 .
Immunoprecipitation and Immunoblotting-HEK293T cells cultured in 60-mm dishes were transfected with 4 g of Arl5B expression plasmids together with 2 g of MDA5 or RIG-I expression plasmids by using Lipofectamine 2000. The cells were lysed in 20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40, and the cell lysates were immunoprecipitated with 5 l of anti-Myc antibody-conjugated agarose beads (c-Myc 9E10, sc-40 AC, Santa Cruz Biotechnology). The samples were applied to SDS-PAGE and then immunoblotted as described previously (8) . The used antibodies were listed as below: anti-Myc rabbit antibody (ϫ1000 dilution, Sigma); anti-FLAG rabbit antibody (ϫ1000 dilution, Sigma), or anti-␤-actin goat antibody (ϫ1000 dilution, I-19, Santa Cruz Biotechnology).
ELISA-MEFs (2.0 ϫ 10 4 cells) were seeded on 96-well plates and stimulated for 24 h with the indicated amounts of LPS, short poly(I:C), or poly(I:C). The cytokine levels in the culture supernatant were measured by using a mouse IL-6 Duoset and a Mouse CXCL10 Duoset (R&D Systems) according to the manufacture's instructions.
Immunofluorescence-HEK293T cells grown on 12-mm glass coverslips (Matsunami Glass) were transfected with 250 ng of pcDNA3-Arl5B-Myc and 250 ng of pFLAG6c-hMDA5 by using Lipofectamine 2000. In the case of MEFs, the cells were stimulated with 1 g/ml poly(I:C) using Lipofectamine 2000 after growth on glass coverslips. The cells were fixed and stained with primary antibodies: anti-FLAG mouse antibody (ϫ5000 dilution, M2; Sigma); anti-Myc rabbit antibody (ϫ300 dilution; Sigma); anti-G3BP rabbit antibody (ϫ200 dilution; Sigma); secondary antibodies Alexa Fluor 488 goat anti-mouse IgG antibody (ϫ3000 dilution; Molecular Probes) and Alexa Fluor 594 goat anti-rabbit IgG antibody (ϫ3000 dilution; Molecular Probes) together with 1 g/ml Hoechst 33412 (Sigma). The cells on the coverslip were observed using a fluorescent microscope (BZ-9000, Keyence) and confocal microscope (FV1000, Olympus).
Immunoblotting for Arl5B, Phosphorylated-IRF3 and -NFB p65-MEFs were cultured in 6-well plates semi-confluently and stimulated with the indicated amounts of LPS, short poly(I:C), or poly(I:C). Cells were then lysed in 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% SDS. For the detection of Arl5B, the cells were lysed in 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, and then immunoprecipitated with 5 l of anti-Arl5B rabbit antibody (Proteintech Group) and 20 l of protein G-Sepharose 4 Fast Flow (GE healthcare) overnight at 4°C. The samples were applied to SDS-PAGE and immunoblotted with anti-Arl5B (ϫ300 dilution), anti-IRF3 (D83B9, Cell Signaling Technology), anti-phospho-IRF3 (Ser-396, 4D4G, Cell Signaling Technology), anti-NFB p65 (D14E12, Cell Signaling Technology), or anti-phospho-NFB p65 antibody (Ser-536, 93H1, Cell Signaling Technology).
Poly(I:C) Binding Assay-HEK293T cells transiently transfected with MDA5 and Arl5B expression plasmids by Lipofectamine 2000 were lysed in 400 l of 20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, and 1 mM EDTA, and the cell lysates were precipitated with 40 l of poly(I:C)-conjugated agarose beads for 2 h at 4°C. The samples were washed and applied to SDS-PAGE, and then immunoblotted. Poly(I:C)conjugated agarose beads were prepared as described previously (31) .
NFB Activation Assay-MEFs cultured in 100-mm dishes were stimulated with short poly(I:C) or poly(I:C). The cells were then lysed in 10 mM HEPES-KOH, pH 7.8, 11 mM KCl, 0.2 mM EDTA, 0.6% Nonidet P-40, and complete protease inhibitor mixture (Roche Applied Science). After centrifugation, the supernatants were discarded, and nuclear extracts were prepared by lysing the pellets in 20 mM HEPES-KOH, pH 7.8, 420 mM NaCl, 20% glycerol, 0.2 mM EDTA, 2 mM MgCl 2 , and complete protease inhibitor mixture with vigorous shaking. DNA binding activity of NFB in the nuclear extracts was measured using NF-B p50/p65 transcription factor assay kit (Abcam) according to the manufacturer's instructions. 
RESULTS
Identification of Arl5B-To understand the contribution of Arl family members to RLR signaling, we employed expression screening. We co-transfected HEK293 cells with a series of expression plasmids for individual Arl family members and MDA5 together with a luciferase reporter plasmid driven by the IFN␤ promoter ( Fig. 1, A and B) . Among the 18 Arl members tested, Arl5B overexpression was found to significantly decrease MDA5-induced luciferase expression. Arl5B has a GTP binding site and GTPase activating protein/guanine nucleotide exchange factor interaction site (Fig. 1C) , and expression of Arl5B mRNA was up-regulated by poly(I:C) stimulation in MEFs as measured by qPCR analysis (Fig. 1D) .
We then co-overexpressed MDA5 and different amounts of Arl5B in HEK293 cells and found that MDA5-mediated activation of the IFN␤ promoter was suppressed by Arl5B in a dosedependent manner ( Fig. 2A) . The suppressive effects of Arl5B on MDA5 were also found in poly(I:C)-stimulated conditions ( Fig. 2A) . In contrast, Arl5B overexpression failed to suppress RIG-I-mediated activation of an IFN␤ promoter either in unstimulated cells or in cells stimulated with low molecular weight poly(I:C) (short poly(I:C); a RIG-I agonist) ( Fig. 2A) . MDA5-mediated NFB activation was also suppressed by Arl5B overexpression in a reporter assay (Fig. 2B) . Arl5B repressed the activation of an IFN␤ promoter induced by fulllength MDA5 but did not repress a deletion mutant of MDA5 encoding CARDs (Fig. 2C ). Furthermore, Arl5B overexpression did not affect the IFN␤ promoter activation induced by TRIF, TBK1, or IPS-1, signaling molecules that act downstream of RLRs (Fig. 2D ). Arl5B has a GTP-or GDP-bound form that correlates with its function (32) . We, therefore, investigated whether GTP/GDP binding to Arl5B affects Arl5B-mediated negative regulation of MDA5 using the expression plasmids of Arl5B Q70L and T30N, which cannot bind GDP and GTP, respectively. However, both Arl5B Q70L and T30N repressed MDA5-mediated activation of an IFN␤ promoter to the same extent as wild type Arl5B (Fig. 2, E and F) . These data suggest that Arl5B targets MDA5 or a molecule(s) upstream of MDA5 for the inhibition of type I IFN induction irrespective of its GTP/GDP binding.
Arl5B Knockdown Enhances MDA5 Signaling-We investigated the contribution of Arl5B to MDA5 signaling by shRNAmediated knockdown in MEFs. We prepared three distinct shRNAs targeting the Arl5b gene and confirmed by qPCR analysis that all three suppressed Arl5b expression ( Fig. 3A) . We used two shRNAs (#1 and #2) due to their higher efficiency than #3 and found that mRNA expression of Ifnb1, Ifna, Il6, and Tnf in response to poly(I:C) stimulation was significantly enhanced in Arl5b-knockdown cells relative to Scramble shRNA-treated cells (Fig. 3B) . In contrast, expression of these genes after stimulation with short poly(I:C) or lipopolysaccharide (LPS; a TLR4 agonist) was comparable between control and Arl5b-knockdown cells (Fig.  3B ). Arl5b-knockdown cells exhibited enhanced IL-6 and CXCL10 production after poly(I:C) stimulation as measured by ELISA (Fig. 3C) . Taken together, these findings suggest that Arl5B specifically suppresses MDA5-mediated responses. 
Arl5B
Interacts with MDA5-We tested interactions between MDA5 and Arl5B by co-immunoprecipitation assay using cell lysates prepared from HEK293T cells overexpressing Myc-tagged Arl5B along with FLAG-tagged MDA5 or RIG-I. Immunoblot analysis using anti-FLAG antibody revealed that FLAG-MDA5, but not FLAG-RIG-I, co-precipitated with Myc-Arl5B, indicating that Arl5B interacts with MDA5 but not with RIG-I (Fig. 4A ). Next, we investigated which region of MDA5 is responsible for binding to Arl5B. To do so, we constructed deletion mutants of MDA5 encoding the N-terminal CARDs, the central RNA helicase domain, and the C-terminal domain. A co-immunoprecipitation assay indicated that Arl5B associated promoter-driven luciferase reporter plasmid. The cells were then stimulated with 1 g/ml poly(I:C) or low molecular weight poly(I:C) (short poly(I:C)) for 24 h, after which luciferase activity was measured. C, HEK293 cells were transiently transfected with 500 ng of Arl5B and 100 ng of MDA5 or MDA5 CARD expression plasmids together with an IFN␤ reporter plasmid. The cells were stimulated as in A, and luciferase activity was measured. D and E, HEK293 cells were transiently transfected with the indicated expression plasmids. Luciferase activity was measured (n ϭ 4; mean values and S.E. are depicted). F, cell lysates prepared from HEK293 cells transiently transfected with the indicated plasmids were subjected to immunoblotting with the indicated antibodies. *, p Ͻ 0.05 (paired Student's t test).
with the C-terminal domain but not with either the CARDs or the RNA helicase domain of MDA5 (Fig. 4B ). Furthermore, FLAG-MDA5 was co-precipitated with anti-Arl5B antibody in HEK293T cells, indicating that endogenous Arl5B interacts with overexpressed FLAG-MDA5 (Fig. 4C) . We then examined the intracellular localization of Arl5B and MDA5 by immuno- fluorescence. We overexpressed FLAG-MDA5 and Myc-Arl5B in HEK293 cells and visualized them by immunostaining. MDA5 exhibited cytoplasmic localization with a diffuse pattern (Fig. 4D) ; Arl5B also showed a localization similar to that of MDA5 (Fig. 4D ). This finding suggests that Arl5B and MDA5 interact in the cytoplasm.
Enhanced MDA5-mediated Cytokine Production in Arl5Bdeficient Cells-To further investigate Arl5B function in relation to MDA5 signaling in vivo, we generated Arl5B-deficient mice. No Arl5B-deficient mice were born after crossing heterozygous mice, suggesting that they are embryonic-lethal. No embryos were found after embryonic day 11.5 (Table 2) . Therefore, we prepared fibroblast cells from wild type and Arl5B-deficient embryos at 9.5 days and used them for further analyses. Targeted disruption of the Arl5B locus in these MEFs and murine embryonic stem cells (ES cells) was confirmed by Southern blot and PCR analyses (Fig. 5, A, B, and C) , and impaired Arl5B expression was checked by immunoblot ( Fig. 5D ).
Initially, we stimulated wild type and Arl5B-deficient cells with poly(I:C), short poly(I:C), or LPS and examined cytokine mRNA expression by qPCR. Arl5B-deficient MEFs displayed enhanced expression of Ifnb1, Ifna, Il6, and Tnf after poly(I:C) stimulation compared with wild type cells, whereas the expression of these genes after stimulation with short poly(I:C) or LPS was comparable between wild and Arl5B-deficient MEFs (Fig. 6A ). Arl5B-deficient cells exhibited enhanced IL-6 and CXCL10 production after poly(I:C) stimulation as measured by ELISA (Fig. 6B) .
We then evaluated the responses of Arl5B-deficient MEFs to virus infection. We measured Ifnb1 and Il6 mRNA expression 
TABLE 2 Genotyping of fetuses at different embryonic stages
Arl5b ϩ/Ϫ male and Arl5b ϩ/Ϫ female mice were mated, and the number of fetuses of each genotype was counted. The fetuses were obtained from three pregnant mice each group. in cells infected with EMCV or NDV, which are known to be recognized by MDA5 or RIG-I, respectively. EMCV-induced Ifnb1 and Il6 expression were up-regulated about 1.7-and 2-fold, respectively, in Arl5B-deficient MEFs at 12 h post-infection (multiplicity of infection ϭ 5). In contrast, expression of these genes after NDV infection was comparable between wild type and Arl5B-deficient MEFs (Fig. 6, C and D) . Next, we examined IRF3 and NFB activation after poly(I:C) and short poly(I:C) stimulation by immunoblot. Phosphorylation of IRF3 Ser-396 and NFB p65 Ser-536 was up-regulated in poly(I:C)-stimulated Arl5B-deficient MEFs compared with wild type MEFs (Fig. 6, E and F) . By contrast, no such difference was found in the phosphorylation levels of IRF3 and NFB in short poly(I:C)-stimulated cells (Fig. 6, E and F) . These results suggest that Arl5B negatively regulates MDA5 signaling.
Embryonic day

Number of fetusus
Arl5B Interferes with MDA5-dsRNA Interaction-Although Arl5A shares a high degree of sequence similarity with Arl5B (79% amino acid identity), it was unable to repress MDA5-dependent IFN␤ promoter activation (Fig. 1A) . We compared the amino acid sequences of both proteins and found that four regions display dissimilar amino acid sequences. To examine whether or not these regions in Arl5B are involved in the repression of MDA5-mediated responses, we generated four expression constructs for Arl5B, designated D1-D4, each lacking one of these regions (Fig. 7, A and B) , and tested their ability to interact with MDA5 and suppress MDA5-mediated responses. A co-immunoprecipitation assay indicated that FLAG-MDA5 coprecipitated with full-length Myc-Arl5B, D2, D3, and D4, but not with D1, strongly suggesting that region 1 is necessary for binding to MDA5 (Fig. 7C ). In agreement with this binding property, overexpression of Arl5B D2, D3, and D4, but not D1, repressed MDA5-mediated activation of an IFN␤ promoter to a similar extent as full-length Arl5B in HEK293 cells (Fig.  7D) . We next restored Arl5B expression in Arl5B-deficient MEFs using a retroviral expression system. Retrovirus-mediated transduction of Arl5B decreased the MDA5-mediated responses in Arl5B-deficient cells to a level similar to that seen in wild type cells (Fig. 7E) . By contrast, the suppressive effect of Arl5B on MDA5 was not observed in Arl5B D1-transduced Arl5B-deficient MEFs (Fig. 7E ). Because it was recently shown that MDA5 forms a filament along with RNA that is required for activation of downstream molecules (9, 11), we examined whether or not Arl5B disturbs the interaction between MDA5 and RNA. We transfected HEK293T cells with FLAG-MDA5 and either Myc-Arl5B or Myc-Arl5B D1, immunoprecipitated cell lysates with poly(I:C)-conjugated beads, and blotted with anti-FLAG antibody. FLAG-MDA5 precipitated with poly(I:C) beads, and this association was suppressed by overexpression of full-length Arl5B but not of Arl5B D1 (Fig. 7F ). Taken together, these results suggest that region 1 of Arl5B is responsible for binding with MDA5 and for Arl5B-mediated inhibition of the MDA5-dsRNA interaction.
DISCUSSION
In this study we identified Arl5B as a negative regulator of MDA5. We found that Arl5B has the unique property of binding to MDA5 but not to RIG-I and inhibits MDA5-triggered antiviral innate immune responses. Currently, the kinase DAK is known as a negative regulator of MDA5. However, it is likely that DAK-mediated negative regulation of MDA5 differs from that mediated by Arl5B. DAK binds to MDA5 CARDs and thus to suppress MDA5-mediated activation of IRF3, suggesting that DAK inhibits the formation of a signalosome containing MDA5, IPS-1, TRAF3, TBK1/IKKi, and IRF3. By contrast, our data indicate that Arl5B binds to the CTD of MDA5 and suppresses both IRF3 and NFB activation. Furthermore, overexpression of Arl5B decreased the interactions between MDA5 and poly(I:C) ( Fig. 7F ) but unaffected the interactions between Myc-tagged Arl5B mutants. The cell lysates were immunoprecipitated (IP) and blotted (IB) with the indicated antibodies. D, HEK293 cells transiently transfected with MDA5 and four Arl5B mutant expression plasmids were stimulated with or without 1 g/ml poly(I:C), and luciferase activity was measured. E, wild type and Arl5B-deficient MEFs were infected with various Arl5B-expressing retroviruses. After puromycin selection, the cells were stimulated with 1 g/ml poly(I:C) for 8 h, and Ifnb1 and Il6 expression was then measured by qPCR. F, Arl5B interferes with the binding of MDA5 with dsRNA via its N-terminal region. After transfection of HEK293 cells with MDA5 and Arl5B expression plasmids, cell lysates were precipitated with poly(I:C)-conjugated agarose beads and then immunoblotted with the indicated antibodies (n ϭ 3; mean values and S.E. are depicted). *, p Ͻ 0.05 (paired Student's t test).
MDA5 and IPS-1 (data not shown). It has been shown that the MDA5 CTD is required for cooperative assembly of MDA5 on RNA, which enhances MDA5-mediated IPS-1 activation (9). Thus, Arl5B-mediated inhibition of MDA5 signaling is probably attributable to interference with MDA5 recognition of RNA.
MDA5 activation is regulated by multiple mechanisms, including posttranscriptional modification and intracellular localization (33, 34) . MDA5 CARD is dephosphorylated by PP1 following virus infection and interacts with IPS-1 (33) . However, our results demonstrate that Arl5B overexpression suppresses IFN␤ promoter activation induced by the MDA5 S88A mutant, in which a phosphorylation site was disrupted (data not shown), suggesting that Arl5B inhibits MDA5 signaling via mechanisms that are distinct from PP1-mediated dephosphorylation. In addition to phosphorylation, the CARDs of MDA5 are known to associate with unanchored polyubiquitin chains, which facilitate the activation of downstream signaling in a manner that is analogous to the action of RIG-I (35) . However, our finding that Arl5B interacts with the CTD of MDA5 and interferes with MDA5 recognition of RNA suggests that Arl5B suppresses MDA5 activation before ubiquitination.
The effect of Arl5B deficiency and overexpression on NFB activation was small compared with IRF3 activation, suggesting that Arl5B preferentially suppresses IRF3 activation, although MDA5 signaling culminates in the activation of both IRF3 and NFB. Currently, ATG16L1, TANK, CYLD, A20, and NLRX1 are known as negative regulators for NFB activation in RLR, Toll-like receptor, and TNF receptor signaling (14) . It may be possible that these molecules also negatively regulate MDA5mediated NFB activation and compensate the function of Arl5B at least in MEFs. Alternatively, Arl5B may play a major role in cells other than MEFs such as dendritic cells, which are the major sources of type I IFN upon virus infection. We, therefore, need to generate conditional knock-out mice in which Arl5B is deleted in these cells and understand cell type-specific roles of Arl5B in regulation of MDA5.
The subcellular localization of RLRs may also be a mechanism to regulate signaling. RIG-I and MDA5 translocate from the cytoplasm to the anti-viral stress granule, where viral and host RNAs are located (34, 36) . Although the formation of this granule is arguably important for RNA recognition and initiation of downstream signaling, several reports imply that stress granule formation is dispensable for MDA5 activation (34, 37) . In our experiments, stress granule formation in Arl5B-deficient MEFs treated with poly(I:C) was induced to an extent similar to that in wild type cells (data not shown). Moreover, intracellular trafficking of poly(I:C) into endosome was unaltered in wild and Arl5B-deficient MEFs as visualized using rhodamine-conjugated poly(I:C) (data not shown). These results suggest that Arl5B does not prevent the trafficking of MDA5 to stress granules and poly(I:C) incorporation.
The Arl family members are involved in multiple cellular processes, including endocytosis, Golgi-mediated transport, microtubule formation, and spermatogenesis (27) . Previous studies showed that Arl5B translocates to the Golgi from the cytosol when it binds GTP and regulates retrograde membrane transport from the endosome to the trans-Golgi (32). However, the GTP binding-defective T30N mutant of Arl5B also had the capacity to suppress MDA5-mediated IFN␤ promoter activity to the same degree as wild type Arl5B ( Fig. 2E ). Furthermore, we identified a region of Arl5B that was responsible for binding to MDA5 and that was distinct from the GTP binding site ( Fig.  7A) (27) . Therefore, Arl5B-mediated repression of MDA5 signaling is independent of GTP binding. Currently, the physiological role of GTP binding by Arl5B in terms of innate immune regulation remains unclear. However, given that the Arl5B-deficient mice that we generated exhibited embryonic lethality (Table 2) , the GTP binding property of Arl5B may be involved in the regulation of development. It has been reported that Arl1 regulates AP-1 recruitment to the Golgi and secretory granule formation, and Arl1 mutation is lethal in Drosophila (38) . Arl5B may also have a role in Golgi-mediated intercellular signaling that is important for proper embryo development. Other target molecules regulated by Arl5B should be investigated in future work to illuminate this point.
MS is a chronic inflammatory and demyelinating disease of the central nervous system that causes neuronal degeneration and axonal loss in the brain and spinal cord (39) . Because inflammation is considered to be one of the driving forces of MS, many therapeutic approaches have been designed to target the inflammatory process (40, 41) . Notably, Arl5B is highly expressed in the peripheral blood cells of MS patients and is induced by IFN␤ treatment (29) , implying a link between MS and Arl5B. Furthermore, gain-of-function mutations in MDA5 increase the risk for MS and autoimmune disease (15, 16, 18) . We, therefore, speculate that Arl5B deficiency may lead to constitutive activation of MDA5 signaling and cause inflammatory symptoms. This could be tested by generating Alr5B conditional knock-out mice or mice that have a deletion in the N-terminal MDA5-interacting domain of Arl5B. Finally, it would be interesting to determine whether synthetic peptides derived from the N-terminal Arl5B, which could inhibit MDA5 activation, would reduce pathogenesis of MS or of any other autoimmune diseases in which MDA5 may be involved.
